Introduction {#s01}
============

The ER is an extensive network of membranous tubules and sheet-like cisternae that extends throughout the cytoplasm. In most cell types, the ER is a single membranous entity delimiting a single luminal space in the cell ([@bib45]; [@bib18]; [@bib24]; [@bib44]; [@bib27]; [@bib36]). Yet, the ER is divided into morphologically and functionally diverse domains, such as the RER involved in co-translational translocation of proteins of the trafficking pathway into the ER ([@bib5],[@bib6]; [@bib51]; [@bib52]), the smooth ER essential for the synthesis of numerous lipids ([@bib14]; [@bib49]; [@bib4]), and the nuclear envelope. The distinction between these domains relies on the contribution of many proteins organizing the ER into domains of unique shapes and functions ([@bib4]; [@bib50]; [@bib16]). The contact sites between the extensive ER network and other membrane systems ([@bib26]; [@bib16]) contribute to the further organization of the ER into functionally distinct microdomains. In budding yeast and dividing neural stem cells, diffusion barriers also impose a higher order organization on the ER by compartmentalizing it into large domains roughly corresponding to future daughter cells ([@bib27]; [@bib10]; [@bib29]).

The one-cell *Caenorhabditis elegans* embryo is polarized. Upon fertilization, cortical contraction directed toward the anterior pole and powered by the actomyosin cytoskeleton localizes PAR-3, PAR-6, and PKC-3 ([@bib17]; [@bib53]; [@bib43]) proteins to the anterior cortical pole of the embryo, whereas PAR-1 and PAR-2 ([@bib22]; [@bib8]) proteins occupy the posterior cortex ([@bib32]; [@bib31]; [@bib30]). Reciprocal exclusion between the PAR-3/PAR-6/PKC-3 complex and PAR-2/PAR-1 ensures the separation and maintenance of the anterior and posterior cortical domains. PAR proteins promote the partition of the polarity mediator MEX-5/6 to the anterior and of the cell fate determinant PIE-1 to the posterior cytoplasm. Polarity is maintained until the end of the first division, where the embryo divides unequally, giving rise to a larger anterior blastomere, called AB, and a smaller posterior blastomere, called P1 ([@bib38]).

The reorganization of the ER in *C. elegans* embryos during the first cell cycle is also PAR and actin dependent ([@bib34]). In wild-type one-cell embryos, the ER is enriched in the anterior domain. This asymmetry is abolished in *par-3* and *par-6* knockdown as well as in latrunculin A--treated embryos ([@bib34]). In this study, we used physical methods to characterize ER organization in the embryo and to ask if compartmentalization of the ER membrane is conserved in *C. elegans*.

Results and discussion {#s02}
======================

The ER in the embryo is continuous {#s03}
----------------------------------

The ER is continuous throughout the cell in many eukaryotes ([@bib18]; [@bib44]; [@bib27]; [@bib36]; [@bib29]). To test whether the ER of the *C. elegans* embryo is also continuous, we generated a strain expressing the ER luminal reporter GFP::KDEL. By applying fluorescence loss in photobleaching (FLIP), we tested whether this reporter can freely diffuse throughout the entire ER or whether the ER of the one-cell embryo is subdivided into separate reservoirs. An area of interest was photobleached repeatedly between image acquisitions, and the fluorescence signal was monitored throughout the remainder of the embryo ([Fig. 1 A](#fig1){ref-type="fig"}). Photobleaching was always applied from the stage of maternal pronuclear migration until the end of the first division in either the anterior domain (32 ± 2.4% of egg length, with anterior equal to 0%) or the posterior domain (76 ± 0.5% of egg length; see Materials and methods for egg length measurements; [Fig. 1 A](#fig1){ref-type="fig"}). Over time, the fluorescence signal was lost fairly homogenously throughout the entire embryo, indicating that all regions of the cell exchanged the reporter rapidly and equally well with each other and with the photobleached area ([Fig. 1 B](#fig1){ref-type="fig"} and Videos 1 and 2). No abrupt inhomogeneity in the signal intensity was observed until cytokinesis, after which fluorescence loss was further observed in the photobleached blastomere, but not in the nonphotobleached blastomere. Thus, as observed in other systems like budding yeast, *Xenopus laevis* oocyte, and the mouse neural stem cells, the lumen of the ER is continuous throughout the one-cell embryo of *C. elegans*.

![**The ER in the *C. elegans* embryo is continuous.** (A) Schematics illustrate the photobleached area (orange circles), the measurement regions in the A-P (blue squares) and perpendicular (red squares) directions, and their positions in percent egg length. The solid vertical lines represent the positions of the cleavage plane, determined by referring to the last frame of the video when the embryo has divided. The dotted vertical lines indicate the middle positions of the A-P axis of the embryo. (B) Confocal images of the FLIP experiments (left) and quantification (right) of a representative embryo for the *GFP::KDEL* photobleached in the anterior or the posterior domain. Gray bars indicate the prebleached first images; black bars indicate repeated bleaching in the remainder of the indicated cell cycle. The graphs for each embryo shown represent the kinetics of fluorescence loss for the corresponding embryo. The black arrowheads indicate NEBD; the white arrowheads indicate cytokinesis; gray shaded areas show the period of isotropic diffusion; asterisks show the anisotropy onset. Also see Videos 1 and 2. Bars, 10 µm. (C) Graphs of the kinetics of fluorescence loss of *GFP::KDEL* embryos with the alignment to the time point of anisotropy onset. Asterisks show the anisotropy onset. *n*~anterior~ = 15; *n*~posterior~ = 14. Mean ± SD.](JCB_201601047_Fig1){#fig1}

To determine whether diffusion was isotropic or more rapid in some directions than in others, we next asked whether fluorescence loss was comparable between two measurement regions equidistant to the photobleaching area, but located in such a way as to measure exchange along and perpendicular to the polarity axis of the embryo ([Fig. 1 A](#fig1){ref-type="fig"}). Measurement in the anteroposterior (A-P) axis was at 38 ± 0.9% of egg length or 70 ± 3.3% of egg length, depending on the site of the photobleached area ([Fig. 1 A](#fig1){ref-type="fig"}). To ensure the measurement regions in the A-P axis fell on the opposite domain, we used the cleavage plane at the end of the video, when the embryo has completed its first division, as the reference plane. Measurements perpendicular to the A-P axis were taken at 84% (±2.5% in anterior- and ±0.4% in posterior-bleached embryos) along an axis that crossed the middle of the photobleached area with 0% at the top of the embryo ([Fig. 1 A](#fig1){ref-type="fig"}).

After repeated photobleaching, the *GFP::KDEL* embryo lost its fluorescence at the same speed in both the A-P ([Fig. 1 B](#fig1){ref-type="fig"}, blue curves) and the perpendicular ([Fig. 1 B](#fig1){ref-type="fig"}, red curves) directions. The signal in these two measurement regions started to diverge after cytokinesis ([Fig. 1 B](#fig1){ref-type="fig"}, asterisks), when one region was in one blastomere and the other region was in the other. However, no such divergence was observed before cell division. We referred to this divergence as the anisotropy onset. Next, the kinetics of fluorescence loss of all data from the *GFP::KDEL* measurements was plotted by aligning them to the point of anisotropy onset, and we observed a similar trend in both the perpendicular and A-P directions ([Fig. 1 C](#fig1){ref-type="fig"}). This suggests that the ER luminal proteins exchange isotropically in both A-P and perpendicular directions throughout the first cell cycle, indicating that the ER network is not grossly anisotropic. Furthermore, these data confirm that the luminal fluorescent reporter diffuses freely between anterior and posterior domains of the embryo until it is physically separated by cytokinesis. Together, these data support the notion that the ER network is continuous and isotropically organized in the *C. elegans* embryo.

Exchange of ER membrane proteins between anterior and posterior domains becomes anisotropic as the cells progress toward nuclear envelope breakdown (NEBD) {#s04}
----------------------------------------------------------------------------------------------------------------------------------------------------------

We next investigated whether these conclusions also applied to the ER membrane. To study the diffusion behavior of ER membrane proteins in the *C. elegans* embryo, we used the 12-kD subunit of the signal peptidase SP12 (C34B2.10) fused to GFP ([Fig. 2 A](#fig2){ref-type="fig"}) and the ribosome-associated membrane protein 4 (RAMP4; F59F4.2) fused with YFP ([Fig. 2 C](#fig2){ref-type="fig"}; [@bib37]; [@bib34]; [@bib19]) as reporters in FLIP assays. Unlike what we observed for the luminal marker, photobleaching of both membrane reporters caused a loss of fluorescence that was more pronounced on the half of the embryo in which the photobleached area was located than on the opposite side of the embryo. Furthermore, irrespective of the marker and whether photobleaching was applied in the anterior or posterior of the embryo, fluorescence decay was slower along the A-P direction of the embryo than along the perpendicular axis ([Fig. 2, A and C](#fig2){ref-type="fig"}; and Videos 3, 4, 5, and 6).

![**The diffusion of ER membrane proteins is anisotropic in the A-P axis.** (A) Confocal images of the FLIP experiments showing a representative embryo (left) of *GFP::SP12* photobleached in the anterior or the posterior domain (orange circles). The fluorescence loss in both directions is parallel until anisotropy onset (asterisks) at a time point preceding NEBD. Also see Videos 3 and 4. (B) Graphs of the kinetics of fluorescence loss for the combined data of *GFP::SP12* embryos with the alignment to the time point of anisotropy onset. Three time points before the anisotropy onset are shown. Asterisks show the anisotropy onset. *n*~anterior~ = 15; *n*~posterior~ = 26. (C) Confocal images of the FLIP experiments showing a representative embryo of *RAMP4::YFP* photobleached in the anterior or the posterior domain. Also see Videos 5 and 6. (A and C) Graphs show the kinetics of fluorescence loss over time for the corresponding embryos. Gray bars indicate the prebleached first images; black bars indicate repeated bleaching in the remainder of the indicated cell cycle. The black arrowheads indicate NEBD; the white arrowheads indicate cytokinesis; gray shaded areas show the period of isotropic diffusion; asterisks show the anisotropy onset. Bars, 10 µm. (D) Graphs of the kinetics of fluorescence loss for the combined data of *RAMP4::YFP* embryos with the alignment to the time point of anisotropy onset. Graphs are as described in B. *n*~anterior~ = 25; *n*~posterior~ = 20. Mean ± SD.](JCB_201601047_Fig2){#fig2}

Precisely, fluorescence loss in the perpendicular and A-P directions showed two distinct regimes. First, fluorescence loss followed similar kinetics in both directions until a time point ([Fig. 2, A and C](#fig2){ref-type="fig"}, asterisks) generally preceding NEBD ([Fig. 2, A and C](#fig2){ref-type="fig"}, black arrowheads), indicating that in this initial phase the diffusion of the reporter was isotropic. Past that time point, the signal decay slowed in the A-P direction, whereas it was still decreasing at the same kinetics in the perpendicular direction. Thus, diffusion of the reporter had become anisotropic long before cytokinesis ([Fig. 2, A and C](#fig2){ref-type="fig"}, white arrowheads). These observations suggest that the exchange of ER membrane proteins in the A-P and the perpendicular directions is isotropic during pronuclear migration until sometime before or around NEBD. In contrast to the luminal protein, diffusion of membrane markers becomes anisotropic past NEBD and through the remainder of the division cycle ([Fig. 2, A--D](#fig2){ref-type="fig"}). This early onset of anisotropy limits the exchange along the A-P axis compared with the perpendicular axis and leads to the formation of two daughter cells with distinct levels of fluorescence intensities upon completion of division. The fact that fluorescence loss is initially uniform until sometime before NEBD demonstrates that this behavior does not simply reflect the slow speed of protein diffusion in the ER membrane.

To characterize more closely the timing with which the diffusion started to become anisotropic, we plotted the time of pronuclear meeting (PNM), NEBD, and anaphase onset for all embryos by synchronizing them to the time of furrow ingression initiation ([Fig. 3 A](#fig3){ref-type="fig"}). For both *GFP::SP12* and *RAMP4::YFP* embryos, anisotropy onset mostly preceded NEBD ([Fig. 3 A](#fig3){ref-type="fig"}), with no significant difference for this timing between the two markers. Thus, the onset of anisotropy appeared to be cell cycle dependent. To test this possibility, we depleted the B subunit of the DNA polymerase α-primase complex, DIV-1, a perturbation known to delay the cell cycle progression of the *C. elegans* embryo ([@bib15]). Indeed, the *div-1(RNAi)* embryos showed a longer cell cycle length in their first division compared with the *Ctrl(RNAi)* embryos ([Fig. 3 A](#fig3){ref-type="fig"}, green error bars), yet the time window for the anisotropy onset still took place between PNM and NEBD ([Fig. 3 A](#fig3){ref-type="fig"}). In [Fig. 3 B](#fig3){ref-type="fig"}, we compared the ratio of the time from anisotropy onset to NEBD over the time from PNM to NEBD. A ratio value \>0 represented anisotropy onset occurring before NEBD, whereas a value \<0 represented those after NEBD. We observed that the anisotropy onset occurred very close to NEBD for *GFP::SP12* and *RAMP4::YFP*, whereas the onset in *div-1(RNAi)* embryos was more variable and took place closer to the PNM stage (with a higher ratio value). However, the same could also be seen in the *Ctrl(RNAi)* embryos ([Fig. 3 B](#fig3){ref-type="fig"}). Therefore, we conclude that the onset of anisotropy in the ER membrane is cell cycle dependent and takes place on average shortly before NEBD.

![**The diffusion of ER membrane protein becomes anisotropic between PNM and NEBD.** (A) The timing of anisotropic diffusion onset for *GFP::SP12* (*n* = 57) and *RAMP4::YFP* (*n* = 62) relative to the cell cycle stages PNM, NEBD, and anaphase. *GFP::SP12; div-1(RNAi)* (*n* = 35) shows longer cell cycle length, yet the anisotropy onset occurs in the similar time window. The blue shading indicates the PNM stage, the orange shading represents NEBD, and the red shading represents anaphase. Black error bars indicate the mean ± SD of the time of anisotropy onset; gray error bars indicate the mean ± SD of the time of PNM, NEBD, and anaphase for the *RAMP::YFP* and *GFP::SP12* embryos; and green error bars indicate the mean ± SD for *GFP::SP12; Ctrl(RNAi)* (*n* = 34). (B) Box plots of the ratios of the time from anisotropic onset to NEBD over the time from PNM to NEBD for *GFP::SP12* (*n* = 42), *RAMP4::YFP* (*n* = 45), *GFP::SP12; div-1(RNAi)* (*n* = 30), and *Ctrl(RNAi)* (*n* = 31). Whiskers indicate the minimum and maximum values. Unpaired *t* test, P \< 0.05. ns, not significant. (C) Deconvolved images of a single plane in the middle (red) and closer to the cortex (green) of the *GFP::SP12* embryo stained for GFP show the continuity of the ER membrane along the A-P axis (double-arrowed dashed line). Also see Video 7. Bars, 10 µm.](JCB_201601047_Fig3){#fig3}

Anisotropic exchange of ER membrane proteins is not caused by the geometric organization of the ER {#s05}
--------------------------------------------------------------------------------------------------

We next investigated the principle underlying this anisotropy of protein diffusion in the ER membrane. We rationalized that three phenomena could explain this anisotropy: (1) discontinuity of the ER along the A-P axis, (2) a macroscopic reorganization of the ER morphology, and (3) restriction of lateral diffusion in the ER membrane somewhere between the photobleaching area and the A-P axis measurement domain by a diffusion barrier.

To ask whether this anisotropy was a consequence of ER discontinuity along the A-P axis that happened before NEBD, we examined the ER network at the NEBD stage at different planes of fixed *GFP::SP12* embryos stained for GFP. We found that the ER network was starting to concentrate around the nuclei at this stage, with tubules extended out toward the cortex ([Fig. 3 C](#fig3){ref-type="fig"} and Video 7). Nonetheless, the ER was still continuous along the A-P axis both at the central and at the cortical planes, which could clearly be seen along the rim of the embryos ([Fig. 3 C](#fig3){ref-type="fig"}, double-arrowed dashed lines). Therefore, the anisotropic diffusion of the ER membrane protein is not caused by a discontinuity of the ER in the A-P axis. This finding is fully consistent with the observation that the diffusion of the luminal marker is isotropic throughout the embryo, excluding the possibility of ER discontinuity.

Dendritic ER compartmentalization was previously reported using electron microscopy ([@bib13]). Although the same method has been described to study different structures in the *C. elegans* embryo ([@bib11]; [@bib33]; [@bib23]; [@bib54]; [@bib55]; [@bib3]; [@bib40]), it remains a challenge to observe the extensive ER structure while preserving its morphology. Therefore, we could not rule out that any undetected ER scission may account for a small degree of the anisotropy.

In a previous study, [@bib34] reported that the macroscopic organization of the ER in the *C. elegans* embryo changes throughout the cell cycle. The ER cycles from a dispersed network in interphase, where short tubules interconnect ER patches, to a more reticulated state during mitosis. Mitotic ER consists of longer and thicker tubules with larger ER foci at the periphery, as well as sheet structures surrounding the mitotic spindle ([@bib34]; [@bib20]). To examine whether ER anisotropy during mitosis was a consequence of these changes in ER morphology, we tested whether mutants affecting these transitions abolished the establishment of anisotropy. We applied FLIP on *lpin-1(RNAi)* and *rab-5(RNAi)* embryos, which displayed disorganized ER structures and failed to undergo normal ER morphological transitions. *lpin-1* encodes a putative phosphatidic acid phosphatase, which is homologous to human lipin. Under brightfield imaging, the down-regulation of LPIN-1 caused a reduction of lipid droplets in the embryos ([Fig. 4 A](#fig4){ref-type="fig"}). In line with previous findings ([@bib19]), the ER of the *lpin-1(RNAi)* embryos appeared to be heavily patchy in severe cases, whereas in milder cases it gave a fine thready appearance ([Fig. 4 A](#fig4){ref-type="fig"}). This structure persisted from before PNM until the end of the first division ([Fig. 4 C](#fig4){ref-type="fig"}). *rab-5* is a small Rab GTPase that functions in the early endocytic pathway ([@bib28]; [@bib42]) and in the control of ER morphology ([@bib2]). Endogenous RAB-5 appeared in punctate structures that are concentrated in the anterior domain of the embryos and around the centrosomes, which were absent upon *rab-5(RNAi)* ([Fig. 4 B](#fig4){ref-type="fig"}). The *rab-5(RNAi)* embryos exhibited a defective ER structure most prominently in mitosis in which the thick tubules and the cortical ER foci were absent ([@bib2]). In our experiment, we indeed saw the "collapsing ER" phenotype at NEBD in the *rab-5(RNAi)* embryos, which lacked cortical ER patches; furthermore, the collapsed ER also failed to return to its interphase morphology at the end of division ([Fig. 4 E](#fig4){ref-type="fig"}).

![**The anisotropic diffusion of GFP::SP12 is not caused by the macroscopic reorganization of the ER morphology.** (A) Brightfield and fluorescence images show the phenotypes of *GFP::SP12; lpin-1(RNAi)* embryos. Lipid droplets are reduced in the embryo, and the ER appears thready in milder conditions and becomes heavily patchy in severe cases. (B) *Ctrl(RNAi)* and *rab-5(RNAi)* wild-type embryos stained with α-RAB-5 antibody indicate that RAB-5 exists in punctate structures that are enriched in the anterior domain and around the centrosomes. Absence of these structures in the *rab-5(RNAi)* embryos shows that the RNAi is efficient in down-regulating the protein. Images are projection and deconvolved datasets. (C) Confocal images of the FLIP experiments showing a representative *lpin-1(RNAi)* embryo expressing GFP::SP12 photobleached in the anterior or the posterior domains (orange circles). Also see Video 8. (D) Graphs of the kinetics of fluorescence loss for the combined data of *GFP::SP12; lpin-1(RNAi)* embryos with the alignment to the time point of anisotropy onset. Three time points before the anisotropy onset are shown. Asterisks show the anisotropy onset. *n*~anterior~ = 5; *n*~posterior~ = 16. (E) Confocal images of the FLIP experiments showing a representative *rab-5(RNAi)* embryo expressing GFP::SP12 photobleached in the anterior or the posterior domains. Also see Video 9. (C and E) Graphs show the kinetics of fluorescence loss over time for the corresponding embryos. Gray bars indicate the prebleached first images; black bars indicate repeated bleaching in the remainder of the indicated cell cycle. The black arrowheads indicate NEBD; the white arrowheads indicate cytokinesis; gray shaded areas show the period of isotropic diffusion; asterisks show the anisotropy onset. (F) Graphs of the kinetics of fluorescence loss for the combined data of *GFP::SP12; rab-5(RNAi)* embryos with the alignment to the time point of anisotropy onset. Graphs are as described in D. *n*~anterior~ = 17; *n*~posterior~ = 21. Mean ± SD. Bars, 10 µm.](JCB_201601047_Fig4){#fig4}

Despite these defective morphologies and the absence of the cyclic transitions, these embryos still exchanged ER membrane markers isotropically during pronuclear migration and anisotropically along the A-P axis starting shortly before NEBD, like wild-type embryos ([Fig. 4, C and E](#fig4){ref-type="fig"}; and Videos 8 and 9). After the point of anisotropy onset, the diffusion of ER membrane markers remained anisotropic until the end of the cell cycle ([Fig. 4, D and F](#fig4){ref-type="fig"}). In the ER luminal marker strain *GFP::KDEL,* the morphology of the ER was affected in a similar manner upon *lpin-1(RNAi)* and *rab-5(RNAi)* ([Fig. S1, A and B](http://www.jcb.org/cgi/content/full/jcb.201601047/DC1){#supp1}). However, the kinetics of fluorescence loss in these two conditions mimicked those of the wild-type *GFP::KDEL* embryos: fluorescence was homogeneously lost throughout the embryos (Fig. S1, A--C). Thus, the observed anisotropy is not a mere consequence of the macroscopic changes of ER geometry during the cell cycle but is caused by some process taking place specifically somewhere in the membrane.

Compartmentalization of the ER membrane could explain the anisotropic diffusion of the membrane protein {#s06}
-------------------------------------------------------------------------------------------------------

We next derived a method to quantify this anisotropy. We defined an anisotropy index (AI) very similar to the barrier index used previously ([@bib41]; [@bib7]; [@bib10]). In short, the AI is defined by dividing the time it takes to lose 30% of the fluorescence in the A-P axis measurement domain by the time it takes to lose 30% of the fluorescence in the perpendicular measurement domain, taking the onset of anisotropy (defined as in [Fig. 1](#fig1){ref-type="fig"}) as *t* = 0 and normalizing the fluorescence to its value at that time point ([Fig. 5 A](#fig5){ref-type="fig"}). Data points after cytokinesis were not considered in the analysis. When fluorescence loss follows comparable kinetics in these two regions (indicating isotropic diffusion), the AI equals 1, whereas index values deviating from 1 reflect the extent of anisotropy.

![**The diffusion anisotropy is stronger when the posterior domain is photobleached.** (A) The quantification of anisotropy index (AI) from the kinetics of fluorescence loss. The anisotropy onset is set as time 0 and fluorescence intensity to 1.0. After fitting the kinetics of loss with one-phase decay, omitting the values after cytokinesis, the time taken for the normalized fluorescence intensity in the A-P region (blue square) to reduce to 0.7 is divided by that in the perpendicular region (red square). The black arrowhead indicates NEBD; the white arrowhead indicates cytokinesis; the orange circle indicates the photobleached area; the asterisk shows the anisotropy onset. Both measurement directions are equidistant from the photobleached area (x). (B) The AIs quantified for wild-type *GFP::SP12* (*n*~anterior~ = 24; *n*~posterior~ = 26) and *GFP::KDEL* (*n*~anterior~ = 10; *n*~posterior~ = 11). AIs shown are on log~2~ scale. Unpaired *t* test; \*, P \< 0.05. (C) The *t*~1/2~ of FRAP in the anterior or the posterior domain of *GFP::SP12* embryo. *n* \> 20. Mean ± SD. Unpaired *t* test, P \< 0.05. ns, not significant.](JCB_201601047_Fig5){#fig5}

Intriguingly, we observed that the AI value quantified for the *GFP::SP12* embryos photobleached in the posterior domain was higher than when photobleaching was applied in the anterior domain (5.0 ± 0.9 vs. 2.9 ± 0.5, P \< 0.05; [Fig. 5 B](#fig5){ref-type="fig"}). A similar observation was made with *RAMP4::YFP*, where the AI was higher, although not significantly, when photobleaching was applied in the posterior domain (not depicted). The AI of the luminal reporter was very close to 1 irrespective of where photobleaching was applied (anterior AI = 1.2 ± 0.09 and posterior AI = 1.1 ± 0.04; [Fig. 5 B](#fig5){ref-type="fig"}). Thus, the anisotropy observed for the membrane markers was stronger when photobleaching the posterior compared with the anterior domain of the embryo. This suggested that we were observing possibly two independent processes overlying each other. On one hand, the ER membrane is organized anisotropically between the A-P and perpendicular axes, and on the other, the ER is compartmentalized into two domains of different sizes.

We first investigated whether the AI differences between posterior and anterior photobleaching could be caused by membrane fluidity being different at the anterior and at the posterior end of the embryo. To examine this possibility, we performed FRAP of *GFP::SP12* in both poles of the embryo during pronuclear migration and at NEBD. Although the diffusion of SP12 protein was not significantly faster at NEBD (*t*~1/2~ anterior = 1.2 ± 0.1 s and posterior = 1.3 ± 0.1 s) as compared with during pronuclear migration (*t*~1/2~ anterior = 1.4 ± 0.2 s and posterior = 1.6 ± 0.3 s), at each stage we found no significant difference between the diffusion rates measured at the anterior and posterior ends of the embryo ([Fig. 5 C](#fig5){ref-type="fig"}). Thus, the AI difference between anterior and posterior photobleaching was not caused by radical differences in ER membrane organization or in protein mobility in these two domains.

Anisotropy is only observed when the two measured areas are on opposite sides of the future cleavage plane {#s07}
----------------------------------------------------------------------------------------------------------

The one-cell embryo is polarized along the A-P axis and divides asymmetrically, giving rise to a smaller posterior and a larger anterior blastomere. If the ER was compartmentalized along this division axis, we would expect that the posterior ER domain would be smaller than the anterior one and that this would lead to a higher AI when photobleaching in the posterior than in the anterior, as we observed.

To test whether our observations could indeed be explained by compartmentalization of the ER membrane, we followed two distinct approaches. First, we asked whether the anisotropy measured was solely caused by a limited exchange of material between the anterior and posterior domains of the embryo and not by any anisotropy within each of these domains. We first photobleached an area at 32% of egg length (position 1) in the anterior domain and compared fluorescence loss either between measurement domains in the posterior (A-P axis measurement domain) and the anterior domain (perpendicular domain: [Figs. 1 A](#fig1){ref-type="fig"} and [6 A](#fig6){ref-type="fig"}, 1x) or between measurement domains both located in the anterior domain ([Fig. 6 A](#fig6){ref-type="fig"}, 1λ). In the first case, the AI reached the value of 2.9 ± 0.5 ([Figs. 5 B](#fig5){ref-type="fig"} and [6 A](#fig6){ref-type="fig"}, 1x), whereas in the second case it decreased to 1.1 ± 0.3 ([Fig. 6 A](#fig6){ref-type="fig"}, 1λ; P \< 0.05).

![**The anisotropic diffusion is caused by the reduction of exchange between the ER in the anterior and posterior domains of the embryos.** The size of the ER compartments is *par-3* dependent. (A) The AIs quantified for the embryos photobleached at 32% (position 1) and 22% (position 2) of egg length in the anterior domain and 76% (position 3) of egg length in the posterior domain using the indicated measurement regions. These regions are either located in the opposite compartments (x, θ, and γ) or within the same compartment (λ, µ, and β). Orange circles indicate photobleached areas; blue squares indicate the measurement regions on the A-P axis; red squares indicate the measurement regions on the perpendicular axis. *n*~position1~ ≥ 19; *n*~position2~ \> 34; *n*~position3~ = 26. Mann-Whitney test; \*, P \< 0.05; \*\*, P \< 0.01. Unpaired *t* test; \*\*\*\*, P \< 0.0001. (B) The AIs quantified for *par-3(RNAi)* (*n*~anterior~ = 33; *n*~posterior~ = 28) and *par-2(RNAi)* (*n*~anterior~ = 17; *n*~posterior~ = 16) embryos expressing GFP::SP12 in comparison with their *Ctrl(RNAi)* (*n* = 17--31). Unpaired *t* test; \*, P \< 0.05; \*\*, P \< 0.01. ns, not significant. All AIs shown are on log~2~ scale. All graphs show mean ± SD.](JCB_201601047_Fig6){#fig6}

In a second set of experiments, the photobleached area was set further to the anterior at 22 ± 1.1% of egg length (position 2), mirroring the photobleached area in the posterior domain (position 3), and the same set of measurements was performed ([Fig. 6 A](#fig6){ref-type="fig"}, 2θ and 2µ). Again, when we compared fluorescence loss between two equidistant areas within the anterior domain, the obtained AI value was close to 1 (1.1 ± 0.3; [Fig. 6 A](#fig6){ref-type="fig"}, 2µ), whereas the AI value obtained using a measurement domain in the anterior and the second one in the posterior of the embryo was significantly increased (2.4 ± 0.5, P \< 0.01; [Fig. 6 A](#fig6){ref-type="fig"}, 2θ). Note that in 2θ, the two measurement areas are not on perpendicular axes because of the necessity of keeping them equidistant from the bleaching area. The fact that keeping one measurement area on one side of the future cleavage plane and the other area on the other side is sufficient to observe a raise in anisotropy indicates that the anisotropy is indeed caused by the presence of a boundary-limiting exchange at that position and not by some orientation of the underlying ER structure. Together, these data demonstrate that diffusion was isotropic within the anterior domain and that the observed anisotropy was caused by the presence of some reduction of the exchange between the anterior and the posterior domain of the embryo.

Because of its small size, similar experiments are less demonstrative when photobleaching is applied in the posterior domain. Nonetheless, at least the fluorescence loss between two equidistant areas within the posterior domain could be measured, and the AI value was close to 1 (1.2 ± 0.1; [Fig. 6 A](#fig6){ref-type="fig"}, 3β). Interestingly, when we measured the signal just across the cleavage plane (58 ± 1.2% of egg length; [Fig. 1 A](#fig1){ref-type="fig"}) into the anterior domain and perpendicularly in the posterior domain, the AI increased significantly to 4.6 ± 0.3 ([Fig. 6 A](#fig6){ref-type="fig"}, 3γ; P \< 0.0001). Similarly, the measurement of AI between the anterior domain across 50% of the embryo length and the posterior domain reached 5.0 ± 0.9 ([Figs. 5 B](#fig5){ref-type="fig"} and [6 A](#fig6){ref-type="fig"}, 3x). Altogether, our data suggest that the ER of the *C. elegans* embryo is compartmentalized into a large isotropic compartment in the anterior and a small isotropic compartment in the posterior and that a lateral diffusion barrier in the ER membrane limits the exchange of material between these two compartments.

Our second approach for testing the compartmentalization model was to ask whether cortical polarity could constrain the size of the ER compartments. FLIP assays were applied to *par-3(RNAi)* embryos in the *GFP::SP12* strain. The AIs were quantified as described in [Fig. 5 A](#fig5){ref-type="fig"}. Strikingly, the values obtained upon anterior or posterior photobleaching in *par-3(RNAi)* were very similar, unlike in the controls ([Fig. 6 B](#fig6){ref-type="fig"}). However, the AI discrepancy between the anterior- and posterior-bleached embryos was still present upon *par-2(RNAi)* (P \< 0.05; [Fig. 6 B](#fig6){ref-type="fig"}). This discrepancy indicated that the two ER compartments of the *par-2(RNAi)* embryos were still of different sizes, whereas in the *par-3(RNAi)* embryos, they became more symmetric. These data therefore suggest that polarity establishment (*par-3*), but not maintenance (*par-2*), is required to position the boundary between the two ER compartments in order to form a large anterior and a small posterior compartment. The fact that in both *par-3(RNAi)* and *par-2(RNAi)* embryos the measured AIs remain in the same range as in the controls indicates that the polarity is not required for the process of compartmentalization itself. The PAR-3 protein regulates the asymmetric distribution of various cellular components such as the early endosome, P granules, the Gβ subunit GBP-1, CDC-42 GTPase, and the G protein regulatory proteins GPR-1/2 ([@bib43]; [@bib12]; [@bib21]; [@bib48]; [@bib31]; [@bib39]; [@bib1]; [@bib46]). Future studies will be required to identify the effectors downstream of *par-3* that control the position of the ER domain boundary.

In summary, our study provides evidence that ER compartmentalization by a diffusion barrier is conserved in *C. elegans* embryos. The ER membrane diffusion barriers that form in budding yeast and mouse neural stem cells are shown to play a crucial role in the retention of aging factors and damages between renewing and aging cells ([@bib10]; [@bib29]). In our case, it will be important to elucidate the biological relevance of such barriers in an intrinsically young cell like the *C. elegans* embryo. For example, it will be interesting to investigate whether the barrier helps maintain polarity within the embryo. Therefore, uncovering the molecular nature and the mechanism of the ER diffusion barrier in the *C. elegans* embryo is now a priority in order to understand its regulation and to characterize the processes in which it is involved.

Materials and methods {#s08}
=====================

Nematode strains, maintenance, and transformation {#s09}
-------------------------------------------------

We used the following *C. elegans* strains: wild type, N2 (Bristol); WH327 *GFP::SP12*, *unc-119(ed3)* III; *ojIs23\[unc-119(+); pie-1::GFP::C34B2.10\]* ([@bib34]); JA1405 *RAMP4::YFP, unc-119(e2498)* III; and *weIs16\[unc-119(+); pie-1::RAMP4::YFP\]* (provided by J. Ahringer, University of Cambridge, Cambridge, England, UK). All strains were cultured with standard procedures ([@bib9]). Worms were grown on nematode growth media plates and maintained at 23°C.

The *GFP::KDEL* strain was generated by fusing the signal peptide *hsp-3* (C15H9.6; first 19 amino acids) to the GFP sequence at the N terminus, followed by the KDEL retrieval sequence at the C terminus. The vector pID3.01 was modified to remove the *pie-1* promoter, and the GFP was replaced with the *mex-5* promoter (pMG742). The *GFP::KDEL* fusion sequence was cloned into the new pMG742 vector using Gateway Technology (Invitrogen). Worm transformation with the *GFP::KDEL* construct was performed using the optimized bombardment method described by [@bib35], with the following modifications: 20 µg of plasmid DNA and 1 million *unc-119(ed3)* were used.

RNAi {#s10}
----

RNAi bacterial clones from the library ([@bib25]) were used for the feeding method ([@bib47]). Bacteria were seeded onto NGM plates containing 100 µg/ml carbenicillin and 3 mM IPTG and were left to grow and induced overnight. For *rab-5(RNAi)*, *lpin-1(RNAi)*, and *div-1(RNAi)*, L4 hermaphrodites were fed for 48 h at 20°C. L1 hermaphrodites were used for *par-2(RNAi)* and *par-3(RNAi)* and fed for the same duration at 23°C. The L4440 empty vector was used as the control in all RNAi experiments.

FLIP and FRAP experiments {#s11}
-------------------------

To visualize early embryos under the microscope, we extracted the embryos from the gravid worms by dissection in M9 buffer on an 18 × 18-mm coverslip. The coverslip was then inverted onto a 5% agarose pad and sealed with Vaseline. Image acquisition was done at RT (23°C) with a confocal microscope (LSM 510; ZEISS) equipped with a Plan-Neofluar 40×/1.3 NA oil immersion objective and a four--photomultiplier tubecamera. The microscope was controlled by ZEN 2008 software (ZEISS). The GFP was excited by the 488-nm line of an argon laser at 3--7% intensity and 45% output and detected with a 505-nm long-pass filter. Photobleaching was applied with 25 iterations at 100% laser power. For FLIP experiments, photobleaching was done repeatedly with the previously mentioned parameters in a region of interest (ROI) as indicated in [Fig. 1 A](#fig1){ref-type="fig"}. Positions of photobleaching were measured in percent egg length calculated as ratios of the distance from the middle of the photobleached area to the anterior pole to the total A-P length of the embryo, with the anterior equaling 0%. ROIs of diameter 13.2 µm for anterior-bleached embryos and 12.1 µm for posterior-bleached embryos were chosen. For FRAP experiments, photobleaching was applied once in an ROI of 1.32 µm in diameter for 25 frames (1 frame/s). Each experiment was repeated at least three times with a sample size of at least five.

Quantification for all the FLIP and FRAP experiments was performed with ImageJ 1.49g (National Institutes of Health). In FLIP experiments, the mean fluorescence signal was quantified in an area of the A-P and perpendicular directions as illustrated in [Fig. 1 A](#fig1){ref-type="fig"}, as well as in the neighboring embryo as a control. Positions for the quantification in the A-P direction were measured in percent egg length calculated as ratios of the distance from the middle of the blue square to the anterior pole to the total A-P length of the embryo, with the anterior equaling 0%. For positions in the perpendicular direction, ratios were calculated by the distance from the middle of the red square to the top of the embryo along the axis crossing the middle of the photobleached area to the total length of this axis. After background subtraction, the fluorescence signals in the A-P and perpendicular regions were normalized to the control embryo and set to the value of 1.0 at the start of the experiment. The data from each embryo were transferred to Prism 6.05 (GraphPad Software), where they were subjected to one-phase decay fitting by constraining the first photobleaching point to 1.0. The time needed for the A-P (unbleached) region to reduce to 0.7 was divided by that for the perpendicular (bleached) region to obtain the AI. Mean and SD values were calculated from replicated experiments. All images were processed with ImageJ 1.49g.

As for FRAP experiments, the mean fluorescence recovery signal was quantified in the photobleached ROI and a region in the neighboring control embryo. After background subtraction, the fluorescence signals of the ROI were normalized to the control embryo and set to the value of 1.0 at the start of the experiment. The data from each embryo were transferred to Prism 6.05 and fitted with a one-phase association curve from the first point of photobleach onward. Each experiment was repeated three times with *n* ≥ 5. *t*~1/2~ of fluorescence recovery to reach a plateau level for all embryos were collected, and mean and SD values were calculated from the replicated experiments.

For the measurement of the timing of anisotropic diffusion onset, data from all experiments were pooled to calculate the mean and SD. The statistical method of Student's unpaired *t* test was used to compare data that passed the Gaussian test; the Mann-Whitney test was used for data from nonnormal distribution.

Immunostaining {#s12}
--------------

In the immunostaining procedures, 15--20 gravid worms were dissected in M9 buffer to release the embryos, followed by the dry ice freeze-crack methanol fixation. After fixation in −20°C methanol for 20 min, slides were rehydrated twice in PBS for 5 min. Next, we blocked the embryos with AbDil (PBS, 4% bovine serum albumin, and 0.1% Triton X-100) for 20 min at RT. Primary antibodies were then added and incubated in the dark at 4°C overnight. Slides were washed with PBT (PBS + 0.1% Triton X-100) three times, for 10 min each, before adding secondary antibodies together with DAPI and incubating in the dark for 2 h at RT. After that, slides were again washed with PBT four times, for 5 min each. Mowiol was added at the end, and slides were covered with 15 × 15-mm coverslips. The rabbit αRAB-5 antibody (1 mg/ml; provided by K. Oegema, Ludwig Institute for Cancer Research, San Diego, CA) was used in the dilution 1:1,000 together with the mouse anti--α-tubulin DM1A (Sigma-Aldrich) as a control in the staining. Mouse α-GFP antibody (Sigma-Aldrich) was used at a 1:500 dilution. Vectashield antifade mounting medium (Vector Laboratories) was used for mounting in α-GFP slides.

For the analysis of RAB-5--stained fixed embryos, we acquired images using a 60× 1.4 NA differential interference contrast oil PlanApo objective lens on a DeltaVision system (Applied Precision Ltd.) equipped with an IX71 base (Olympus) and a CoolSnap HQ camera (Roper Technologies) operating with the software softwoRx version 4.1.0 (Applied Precision Ltd.). Embryos at the one-cell stage were scored. Z stacks of 12 µm flanking the middle section of the embryos were imaged with an optical section spacing of 0.3 µm. The images were deconvolved (enhanced ratio) and processed for projection of max intensity. For GFP-stained embryos, images were taken on a DeltaVision OMX system (Applied Precision Ltd.) using a 60× 1.4 NA oil point spread function objective and equipped with an sCMOS MOX V4 camera (PCO) and DV OMX (3.30.43780) softwoRx version 6.0 software (Applied Precision Ltd.). Z stacks of the entire thickness of the embryo with an optical section spacing of 0.125 µm were imaged and deconvolved.

Online supplemental material {#s13}
----------------------------

Fig. S1 displays confocal images of FLIP experiments showing representative *GFP::KDEL; lpin-1(RNAi)* and *GFP::KDEL; rab-5(RNAi)* embryos photobleached in the anterior or the posterior domain; graphs display the kinetics of fluorescence loss for the combined data of *GFP::KDEL; lpin-1(RNAi)* and *GFP::KDEL; rab-5(RNAi)* embryos with the alignment to the time point of anisotropy onset. Videos 1 and 2 show the fluorescence signal in the corresponding *GFP::KDEL* embryo photobleached in the anterior and posterior domain, respectively ([Fig. 1 B](#fig1){ref-type="fig"}). Videos 3 and 4 show the fluorescence signal in the corresponding *GFP::SP12* embryo photobleached in the anterior and posterior domain, respectively ([Fig. 2 A](#fig2){ref-type="fig"}). Videos 5 and 6 show the fluorescence signal in the corresponding *RAMP4::YFP* embryo photobleached in the anterior and posterior domain, respectively ([Fig. 2 C](#fig2){ref-type="fig"}). Video 7 shows the ER network in the z stack deconvoluted images of the whole width of a *GFP::SP12* embryo ([Fig. 3 C](#fig3){ref-type="fig"}). Video 8 shows the fluorescence signal in the heavily patchy *GFP::SP12; lpin-1(RNAi)* embryo photobleached in the anterior domain ([Fig. 4 C](#fig4){ref-type="fig"}). Video 9 shows the fluorescence signal in the *GFP::SP12; rab-5(RNAi)* embryo photobleached in the anterior domain ([Fig. 4 E](#fig4){ref-type="fig"}) and shows the lack of cortical ER foci during mitosis. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201601047/DC1>.
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